We present the first experimental results for polarization-switched QPSK (PS-QPSK) and make a comparison with polarization-multiplexed QPSK. Our measurements confirm the predicted sensitivity advantage of PS-QPSK. We have also studied the single channel performance after transmission over 300 km and support the results with numerical simulations. It is shown that the two modulation formats have similar nonlinear tolerance and that optical dispersion compensation outperforms compensation with digital signal processing in the single channel case. Finally, we propose a novel transmitter for PS-QPSK based on an IQ modulator and two amplitude modulators driven in a push-pull configuration. 
Introduction
Polarization-switched quadrature phase-shift keying (PS-QPSK) is a modulation format that has received increasing attention recently. There are two major reasons for this: Firstly, it has been shown that PS-QPSK is the modulation format with the highest sensitivity. Compared to polarization-multiplexed QPSK (PM-QPSK), PS-QPSK has a sensitivity advantage of 0.97 dB at a BER of 10 -3 , and an asymptotic advantage of 1.76 dB [1] . Secondly, simulation results have been presented showing that PS-QPSK has higher nonlinear tolerance in WDM transmission scenarios [2] [3] . These features make PS-QPSK an interesting candidate for longhaul systems, for example transoceanic links. PS-QPSK transmits three bits per symbol, where two bits are encoded in the QPSK symbol and the third bit in the switching between the polarization states.
PM-QPSK has been extensively studied and results have been presented using online postprocessing of the data at high symbol rates [4] [5] . PM-QPSK has, together with binary PSK, the second highest sensitivity of all modulation formats in common use and with 4 bits per transmitted symbol it is more spectrally efficient than PS-QPSK. Recently, Cai et al. demonstrated transmission of 112 PM-QPSK channels at 112 Gbit/s over 9360 km with a spectral efficiency of 3.6 bit/(s Hz), by using aggressive pre-filtering and intersymbol interference mitigation after detection [6] . Such performance would be hard to match for most other modulation formats. However, the results that have been demonstrated so far show that PS-QPSK has the potential to perform equally well or better than PM-QPSK and that it deserves to be further investigated.
So far, analytical and numerical results have been presented. In this paper, we present the first experimental results and make a comparison with PM-QPSK both at the same bit rate (30 Gbit/s) and at the same symbol rate (10 Gbaud). We have studied the back-to-back sensitivity and found good agreement with theory. We have also studied the single channel performance after propagation in a link with 300 km of standard single-mode fiber (SSMF). Both optical dispersion compensation and compensation with digital signal processing (DSP) were investigated. We complemented our experiments with numerical simulations and found good agreement between experimental and numerical results.
In [1] it was shown that PS-QPSK can be obtained from the conventional PM-QPSK transmitter (two IQ modulators, one per polarization) by using two XOR gates to force the driving bits to have even parity. We here present an alternative transmitter based on a single IQ modulator (IQM) and two amplitude modulators driven in a push-pull fashion. We have also suggested and implemented a new algorithm for polarization demultiplexing of PS-QPSK [7] .
Experiment

Transmitter
The PS-QPSK transmitter is shown in Fig. 1 . The laser source was an external cavity laser (ECL) with 300 kHz linewidth and the wavelength was set to 1550 nm. 30 Gbit/s PS-QPSK was generated in two steps: First, an IQM driven by two 10 Gbit/s 2 15 −1 pseudo-random binary sequences (PRBS) generated Gray coded QPSK. In the second step, the QPSK signal was split into two branches, each containing a single-drive Mach-Zehnder modulator (MZM). The MZMs were driven in a push-pull configuration to switch the power on and off. As a result, only one polarization per symbol slot had non-zero power after recombination with a polarization beam-combiner (PBC). To synchronize the on-off switching between the two data streams, the lengths of the fibers between the amplitude modulators and the PBC were adjusted to be the same. It was also ensured that the total lengths of the two branches were approximately the same, to have high correlation between the phase noise in the x and the y polarization. The reason for using this transmitter is that we found this to be the most straightforward way to implement PS-QPSK in our lab. As shown in [1] , PS-QPSK can also be generated with a PM-QPSK transmitter by using 8 of the 16 PM-QPSK symbols. Unless the amplitude modulators in the scheme proposed in this paper have low extinction ratio, the performance of the two different PS-QPSK transmitters should be similar. One advantage with the transmitter in Fig. 1 is that it requires only three data streams for PS-QPSK generation, while the other approach needs four. PM-QPSK was generated by the same transmitter but with the RF signals to the amplitude modulators turned off, and a piece of fiber with a length of 2 m (about 100 symbol slots at 10 Gbaud) was inserted in one path to decorrelate the data in the x-and the y-polarization. The output power after the transmitter was about −25 dBm for both PS-QPSK and PM-QPSK.
Receiver
The receiver is shown in Fig. 2 . The same hardware was used for both modulation formats. An attenuator (Att) and an erbium-doped fiber amplifier (EDFA) with a noise figure of 5 dB were used to adjust the optical signal-to-noise ratio (OSNR) of the signal and a band-pass filter (BPF) with 0.3 nm bandwidth suppressed amplified spontaneous emission (ASE) noise outside the signal spectrum. Polarization diversity was obtained by splitting the signal with a polarization beam-splitter (PBS) and mixing the light in the x-and the y-polarization with the output from a local oscillator (LO) laser (an ECL with 500 kHz linewidth) in two optical 90° hybrids with integrated balanced detectors and electrical amplifiers. The combined 3 dB bandwidth of the detectors and the amplifiers was more than 25 GHz. After photodetection the signals were sampled synchronously at 50 Gsample/s by a realtime sampling oscilloscope with 16 GHz analog bandwidth. Offline DSP was then used to perform the following four tasks: (i): Low-pass filtering of the signals with a 5 th order Bessel filter with the bandwidth equal to a factor of 0.75 times the symbol rate (7.50 GHz and 5.63 GHz for 30 Gbit/s PS-QPSK and PM-QPSK, respectively) to ensure a fair comparison between the modulation formats. We also tried other bandwidths, but did not see any performance improvements.
(ii): Polarization demultiplexing and equalization with an adaptive filter with a length of three symbols. In this step the signal was also down-sampled to one sample per symbol. The equalization improved the performance with about 1 dB in the numerical simulations for both modulation formats. (iii): Compensation for the intermediate frequency between the signal laser and the LO laser. The frequency peak resulting from the beating between the lasers was obtained from the spectra of the complex photocurrents raised to the fourth power. The intermediate frequency was then removed by a linear phase shift on the data streams. (iv): Phase noise estimation with the Viterbi and Viterbi algorithm [8] .
In the polarization demultiplexing, the conventional CMA was first tried for both modulation formats. Unfortunately, it turned out that it cannot be used for PS-QPSK since there is not a unique demultiplexing matrix that achieves the constant modulus property for this modulation format. We therefore replaced CMA with a new algorithm, which is described in detail in [7] . It uses the cost function
where  is the expectation operator, i x and i y are the complex photocurrents from the two polarization states and P is the total average power. Eq. (1) is minimized when a QPSK symbol is transmitted in one of the polarization states while the power in the other state is zero.
In the phase estimation process for PS-QPSK, a decision was first made to determine if the QPSK symbol had been transmitted in the x-or the y-polarization by comparing the amplitude of the samples from the two polarization states. The sample with the highest amplitude was selected for phase estimation. For PM-QPSK, phase estimation was performed separately for the data in the two polarizations.
After removal of the laser phase noise, bit-errors were counted. For PS-QPSK, one bit was decoded by deciding in which polarization the QPSK symbol had been launched. The optimal way to do this is to select the polarization that yields , , max y,i r y, x,i r x,
where r and i denote the real and imaginary parts of the two photocurrents i x and i y . However, selecting the photocurrent with the largest amplitude only leads to a very small penalty compared to when (2) is used. A detailed derivation of (2) is beyond the scope of this paper. The remaining two bits were decoded by making a decision on the QPSK symbol. With the transmitter in Fig. 1 , the bit-to-symbol mapping is the same as the one suggested in [1] , which means that the six most (and equally) likely symbol errors will have 1.5 bits incorrect on average.
Link
The link used in the transmission experiment is shown in Fig. 3 . It consisted of four spans with 75 km of standard single-mode fiber (SSMF) preceded by EDFAs. We tried compensation for chromatic dispersion (CD) with both dispersion compensating fiber (DCF) and with DSP. When optical dispersion compensation was used, an additional section with an EDFA followed by DCF was inserted after each SSMF span. As in [9] , the power launched into the DCF was set to be 5 dB lower than the SSMF launch power. The signal power was monitored with an optical spectrum analyzer to ensure that the ASE noise power from the EDFAs was not included in the launch power values. When dispersion compensation with DSP was used, it was performed in Fourier domain as the first step after the coherent detection. For each SSMF launch power, the OSNR at the receiver required to obtain a BER of 10 -3 was determined. The OSNR was varied by using the attenuator and the EDFA in Fig. 2 .
Numerical simulations
To support the experimental results, we have carried out numerical simulations of both 10 Gbaud PS-QPSK and PM-QPSK at 7.5 and 10 Gbaud. As a model for light propagation in an optical fiber, we used the Manakov model together with attenuation [10] 
where E=(E x ,E y ) T is the complex envelope of the two polarization components, β 2 is the group-velocity dispersion parameter, γ is the Kerr nonlinearity parameter, α is the attenuation and H denotes Hermitian conjugation. The equation describes propagation in a fiber with rapidly and randomly varying birefringence, which is the case for most sufficiently long transmission fibers. Polarization-mode dispersion was neglected.
Three 2 15 sequences of random data in the form of square pulses were used to generate PS-QPSK. Two sequences encoded the QPSK symbol and the third sequence encoded the switching between the two polarization states. To generate PM-QPSK, four sequences were used. To emulate the experiment, all optical signals were band-limited to 10 GHz by a raisedcosine filter before they entered the transmission line, and the transmitter output power was set to −25 dBm.
The simulated link was similar to the one shown in Fig. 3 with four spans of 75 km SSMF preceded by EDFAs. The performance was simulated for both optical dispersion compensation and compensation with DSP after detection. In the case of DCF compensation a section with an EDFA followed by DCF was inserted after each SSMF span. The parameter values for the different components in the simulations are shown in Table 1 . After transmission, additional ASE was added and the OSNR required to achieve a BER of 10 -3 was determined. At least 250 bit errors were counted. Before the receiver, a 0.3 nm firstorder Gaussian band-pass filter removed power outside the signal spectrum and after detection the signals were low-pass filtered by a 5 th order Bessel filter with the same bandwidths as in the experiment. Laser phase noise was not included in the simulations, but the same equalizers as in the experiment were implemented.
Experimental and numerical results
The figures in this section should be read according to Table 2 . The measured back-to-back BER as a function of OSNR for both PS-QPSK and PM-QPSK are shown in Fig. 4 . PS-QPSK requires 7.9 dB OSNR to obtain a BER of 10 -3 , compared to 8.6 dB for PM-QPSK at the same bit-rate. The difference of 0.7 dB in favor of PS-QPSK agrees quite well with the value predicted in [1] (0.97 dB). At the same symbol rate the measured difference between the two modulation formats is 2.2 dB, which is equal to the theoretical prediction. The performance given by the analytical results from [1] for the three cases is included in Fig. 4 . The measured PS-QPSK sensitivity is 1.3 dB lower than the theoretical prediction at the given BER of 10 -3 . For PM-QPSK, the differences are 1.3 dB and 1.0 dB at 10 Gbaud and 7.5 Gbaud, respectively. This explains to a large extent why we measure 0.7 dB difference instead of 0.97 dB when we compare PS-QPSK and PM-QPSK at the same bit-rate. The 0.3 dB penalty is most likely due to bandwidth limitations in the transmitter, since the components in the receiver have bandwidths significantly larger than the symbol rates used in the experiment. It can also be observed in Fig. 4 that the difference between the analytical and the measured BER curves is getting slightly larger when the OSNR increases. The reason for this is likely intersymbol interference (ISI). The measured and simulated OSNR required to obtain a BER of 10 -3 as a function of the launch power into the SSMF spans is shown in Figs. 5a and 5b, respectively. The three signals behave similarly in both the measurements and the simulations, and it is apparent that higher launch power can be used when the dispersion is compensated with DCF instead of DSP. This is in good agreement with [11] , in which the authors conclude that single channel NPSK formats perform better in links with optical dispersion compensation. The reason for this is decreased pulse overlap compared to links in which the dispersion is compensated after detection. It is worth mentioning that in WDM transmission the behavior can be significantly different [3] . The simulated sensitivity in the linear regime at a BER of 10 -3 was about 0.3 dB worse than the analytical sensitivity. The reason for this is ISI in the transmitter and nonmatched receiver filters. For PS-QPSK and PM-QPSK at 10 Gbaud, the required OSNR in the linear regime is about 1 dB lower in the simulations compared to the measurements. For PM-QPSK at 7.5 Gbaud, the difference is about 0.7 dB. These results seem reasonable taking into account the non-ideality of the components in the experiment. For example, the driving signals to the modulators have both distortion and noise.
We investigated the launch power at an OSNR penalty of 1 dB compared to the linear regime for both the experimental and the numerical results for the three cases. The agreement between the experimental results and the simulations is very good for DSP compensation of dispersion. The difference in launch power at 1 dB penalty between the experimental results and the simulation results is less than 0.5 dB for all three cases.
For DCF compensation, the launch power at 1 dB penalty is 3.0, 1.5 and 1.3 dB lower in the measurements compared to the simulations, for PS-QPSK, 7.5 Gbaud PM-QPSK and 10 Gbaud PM-QPSK, respectively. We believe the explanation for the larger difference between measurements and simulations is the increased number of system parameters when DCF compensation is used, such as the input power to the DCF modules and the additional EDFAs and splice losses, making it more difficult to model everything accurately.
When comparing with the WDM simulation results in [2] and [3] , it is apparent that the benefit of PS-QPSK over PM-QPSK is much smaller in the single channel case. The explanation for this is that PS-QPSK has higher tolerance than PM-QPSK to cross-channel effects such as cross-polarization modulation [2] , which is beneficial in WDM transmission. 
Conclusion
We have performed the first experimental investigation of polarization-switched QPSK and verified that it achieves higher sensitivity than QPSK with polarization-multiplexing. When comparing the two modulation formats at the same bit rate, the OSNR required to achieve a BER of 10 -3 was 0.7 dB lower for PS-QPSK. The reason for not reaching the theoretical difference of 0.97 dB is bandwidth limitations in the transmitter that penalized PS-QPSK more than PM-QPSK due to its higher symbol rate.
The transmission experiment and the numerical simulations both showed that in the single channel case, PS-QPSK has similar nonlinear tolerance as PM-QPSK, both at the same symbol rate and at the same bit rate. Optical dispersion compensation permitted higher launch power into the SSMF spans than DSP based compensation. This agrees well with previously published simulation results.
